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Abstract: The ability of exogenous low ouabain concentrations to affect claudin expression
and therefore epithelial barrier properties was demonstrated previously in cultured cell studies.
We hypothesized that chronic elevation of circulating ouabain in vivo can affect the expression
of claudins and tight junction permeability in different tissues. We tested this hypothesis in rats
intraperitoneally injected with ouabain (1 µg/kg) for 4 days. Rat jejunum, colon and brain frontal
lobes, which are variable in the expressed claudins and tight junction permeability, were examined.
Moreover, the porcine jejunum cell line IPEC-J2 was studied. In IPEC-J2-cells, ouabain (10 nM, 19 days
of incubation) stimulated epithelial barrier formation, increased transepithelial resistance and the
level of cSrc-kinase activation by phosphorylation, accompanied with an increased expression of
claudin-1, -5 and down-regulation of claudin-12; the expression of claudin-3, -4, -8 and tricellulin was
not changed. In the jejunum, chronic ouabain increased the expression of claudin-1, -3 and -5 without
an effect on claudin-2 and -4 expression. In the colon, only down-regulation of claudin-3 was observed.
Chronic ouabain protected the intestine transepithelial resistance against functional injury induced by
lipopolysaccharide treatment or by modeled acute microgravity; this regulation was most pronounced
in the jejunum. Claudin-1 was also up-regulated in cerebral blood vessels. This was associated with
reduction of claudin-3 expression while the expression of claudin-5 and occludin was not affected.
Altogether, our results confirm that circulating ouabain can functionally and tissue-specifically affect
barrier properties of epithelial and endothelial tissues via Na,K-ATPase-mediated modulation of
claudins expression.
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1. Introduction
Na,K-ATPase is a member of the P-type ATPase superfamily, a vital transport protein that
ubiquitously expressed in the plasma membrane of all animal cells. The Na,K-ATPase is responsible for
establishing Na+ and K+ ions transmembrane gradient that provides membrane excitability and the
driving force for many Na+-dependent secondary transporters. The functional enzyme is a heteromer
composed of α subunit, responsible for catalytic and transport function, and β subunit, which is
required for enzymatic activity and modulates the enzyme affinity to Na+ and K+ ions. In some tissues
a small protein of FXYD family has been found as an auxiliary subunit that modulates Na,K-ATPase
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activity. Four α isoforms, three β isoforms, and seven FXYD isoforms, encoded by separate genes and
expressed in a cell- and tissue-specific manner have been identified that provide a wide molecular
and functional diversity of the Na,K-ATPase. In mammals, the α1 isoform is ubiquitously expressed,
while the α2–α4 isoforms show a more restricted cellular and subcellular distribution. The majority of
cell types co-express the α1 isoform in combination with other α isoforms. However, in erythrocytes,
kidney and intestine epithelia the sole α1 isoform is expressed [1–5].
The extracellular loops of α subunit form a unique highly specific binding site for cardiotonic
steroids (CTS) that act as the Na,K-ATPase inhibitors. CTS found in plants and animal tissues and
characterized by a steroid nucleus. Ouabain and marinobufagenin are the most known among
them [2,6–8]. The Na,K-ATPase is also known as a scaffolding protein that is able to form multimolecular
complexes located in specialized sub-cellular microdomains. This allows the Na,K-ATPase to perform
a number of functions that are not directly related to ion distribution across the plasma membrane.
Particularly, an intracellular domain of α subunit that mediates specific protein–protein interactions
with cSrc-kinase and its signaling function was shown [9,10]. Currently, the α1Na, K-ATPase/cSrc
complex is recognized as a receptor for CTS that initiates downstream a variety of intracellular signaling
pathways. Thus, the Na,K-ATPase is now considered as an important signaling molecule in neuronal,
epithelial, cardiac and vascular tissues [3,9–11]. It is assumed that endogenous analogues of CTS
serve as physiological triggers of the Na,K-ATPase signal function. Accordingly, ouabain-like [12]
and marinobufagenin-like [13] CTS were identified. Endogenous ouabain, presumably synthesized in
the adrenal cortex and hypothalamus, circulates normally at the sub-nanomolar concentration range.
However, several conditions, such as essential hypertension, chronic salt intake, congestive heart failure,
pre-eclampsia, pregnancy and affective disorders are associated with an increased level of circulating
ouabain [7,14–17]. Elevation of circulating ouabain is also reported during physical exercise [18].
The Na,K-ATPase is known to play critical role in the polarity and vectorial transport across
epithelial cells [19]. However, studies on cultured cells indicate its additional role in formation of tight
junctions (TJ) and in regulation of TJ structure and permeability via the Na,K-ATPase-mediated
modulation of claudin expression. Ouabain serves as the main pharmacological tool in these
studies [20–22]. Claudins (27 family members) are integral proteins in the plasma membrane that form
the TJ and determine paracellular permeability and barrier properties of epithelium, endothelium and
mesothelium [23–25]. It has been shown that claudin-1, -3, -4, -5, -8 decrease the permeability of
epithelium barrier. In contrast, claudin-2, -10a, -10b, -15 and -17 provide an increase in transport through
paracellular pathway. The role of other claudins for tissue barriers has not been established yet [26].
The ability of nanomolar concentrations of ouabain to affect the expression of claudins and
epithelium barrier properties by triggering cSrc/Erk1/2 intracellular signal pathways was demonstrated
previously in cell culture studies [20–22]. However, nothing is known about a modulation of claudins
expression and TJs barrier properties by circulating ouabain in vivo. Notably, a clear discrepancy
between the properties of claudins studied in cell cultures and in corresponding tissues was found.
This has been proposed as a result of oligomerization of claudins [27] and their cluster organization
in TJs [28].
The main goals of this study were to demonstrate the modulation of epithelial barrier properties
by circulating ouabain mediated via the expression of claudins; to show the isoform-specificity
of this modulation in the tissues that differ in claudin expression, their barrier properties and
functional specialization. Thus, jejunum and colon were chosen because of different function and
claudin expression [29]. Cerebrovascular endothelium in the frontal lobes was selected as a highly
impermeable tissue [30]. We subjected rats to 4-day injections of ouabain (1 µg/kg) alone and in a
combination with lipopolysaccharide (LPS) to induce acute injury; in some experiments, rats were also
subjected to disuse by hindlimb suspension (HS) for 6 h. LPS and HS interventions were used to test the
potential contribution of circulating ouabain to inflammatory and disuse responses. We analyzed the
transepithelial resistance (TER) and claudin expression in the jejunum and colon; claudin expression in
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brain frontal lobes. In porcine jejunum cell line, IPEC-J2, the effect of nanomolar ouabain concentration
on TER and claudin expression as well as cSrc-kinase activation by phosphorylation were examined.
2. Results
2.1. Low Ouabain Concentration Stimulates Epithelial Barrier Formation in IPEC-J2 Cells
Previously, in cell cultures, effects of nanomolar ouabain concentrations on claudin-1, -2, -4 and -11
expression were investigated [20–22]. In this study, we used the porcine jejunum cell line IPEC-J2 [31]
to test the effect of nanomolar ouabain on the expression of a broad range of claudins.
In the control medium, a gradual increase in TER was observed from 7 to 19 days of IPEC-J2 cell
growth. In the presence of 10 nM ouabain, there was a significant increase in TER at 17 and 19 days
of incubation compared with the control (Figure 1a) that confirms our previous observations [32].
The level of cSrc-kinase activation by tyrosine auto-phosphorylation was significantly increased at
19 days of incubation with ouabain (Figure 1b). Importantly, the level of total cSrc was not affected by
chronic ouabain exposure suggesting that the increased cSrc activation was a result of signaling but
not expressional changes of cSrc. The increase in TER and cSrc activation was accompanied with an
increase in the expression of tightening claudin-1, -5 and down-regulation of pore-forming claudin-12
(Figure 1c). The expression of tightening claudin-3, -4, -8 and tricellulin was not changed.
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number of samples. One-way ANOVA with Dunnett correction: * р < 0.05, ** p < 0.01 and *** p < 0.001 
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Figure 1. Epithelial barrier formation in IPEC-J2 cells grown in control medium and in the presence of
10 nM ouabain (Oua). After 7 days of culture, transepithelial resistance (TER) values were determined
every 2–3 days using an EVOM volt-ohmmeter; after 19 days, cells were used for subsequent analysis.
(a) Transepithelial resistance (TER) (n = 6 for each group). (b) The expression level of total cSrc
(central plot, the relative expression of cSrc protein shown as a percentage of average level in control
samples taken for 100%) and the cSrc-kinase activation by phosphorylation (right plot, shown as a ratio
between immunoblot intensity corresponding to phosphorylated pcSrc over total cSrc, as it is shown in
the representative immunoblots in left panel) (n = 5 for each group). (c) Western blot analysis of claudin
(CLDN) and tricellulin expression (n = 6 for each group); left panel shows representative immunoblots.
Original images for Western blots using Stain-Free gels as a loading control are shown in Supplemental
Materials. The number of symbols corresponds to the number of samples. One-way ANOVA with
Dunnett correction: * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the corresponding control.
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2.2. Chronic but Not Acute Ouabain Administration Modulates Intestine Epithelium Barrier Properties
In the control, at 30 min of registration, TER values of the jejunum and the colon were
50 ± 4 Ohm·cm2 (n = 23) and 57 ± 4 Ohm·cm2 (n = 30), respectively, and remained stable during
60 min of the experiment (Figure 2a,b). Chronic administration of ouabain (1 µg/kg) significantly
(p < 0.05) increased the level of circulating ouabain in rat serum from 2.6 ± 0.3 nM in control up
to 4.7 ± 1.5 nM (see also [33]). Ouabain treatment did not significantly affect TER of both jejunum
and colon (Figure 2a,b). Accordingly, the paracellular flux of sodium fluorescein, which reflects TJ
restriction to organic molecules also was not changed (Figure 2c).
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Figure 2. Effects of chronic ouabain (Oua) and lipopolysaccharide (LPS) administration on the barrier
properties of rat jejunum and colon. Rats ere intra eritoneally injecte ith o abain (1 µg/kg) for
4 days. (a) Transepithelial resistance (TER) dynamics. (b) TER values measured at 30 min of registration.
(c) Apparent permeability measured as the paracellular flux of sodium fluorescein. N—the number of
rats (in parentheses is the number of fragments). The number of symbols corresponds to the number of
fragments. One-way ANOVA with Dunnett correction: * p < 0.05 and ** p < 0.01—LPS-treated group
compared with the corresponding control (vehicle treated group). # p < 0.05—Oua + LPS compared
with LPS-treated group. p = 0.09 in (c) corresponds to comparison with the control.
In the jejunum, chronic ouabain exposure was accompanied with a significant increase in the
expression of claudin-1, -3, -5 without changes in claudin-2, -4 (Figure 3a). In the colon, only claudin-3
was affected, however, in contrast to the jejunum, the decreased expression of claudin-3 was seen
(Figure 3b). These data indicate that chronic ouabain tissue-specifically modulates claudin expression
in rat intestine. This regulation is most pronounced in the jejunum and claudin-3 expression can be
both up- and down-regulated in the jejunum and colon, respectively.
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and colon (b). Rats were intraperiton ally injected with ouab in (1 µg/kg) for 4 . estern blot
analysis of claudins (CLDN) expression (n = 4 for each group); left panel sho s representative
immunoblots. Original images for Western blots using Stain-Free gels as a loading control are
shown in Supplemental Materials. The number of symbols corresponds to the number of samples.
One-way ANOVA with Dunnett correction: * p < 0.05 and ** p < 0.01 compared with the corresponding
control (vehicle treated group).
It has been reported previously that 60-min exposure to 10 nM ouabain activates both cSrc and
ERK1/2 kinases, and increases gap junctional communication in Madin–Darby canine kidney (MDCK)
cells [34]. In this study, ouabain (10 nM) acutely applied to the basolateral side of jejunum and colon,
which were isolated from non-treated rats, did not alter TER within 60 min of incubation (Figure 4a).
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Figure 4. Ac t appli ation of ouabain (Oua, 10 nM) to the basolateral side does not alter transepithelial
resistance (TER) of rat jejunum and colon (a) as well as claudin-1 expression in IPEC-J2 cells (b).
(a) Vertical arrow indicates the time of ouabain addition. Each data point represents the mean
of measurements from 4–8 intestine fragments obtained from 4 rats. (b) Western blot analysis of
claudin-1 (CLDN-1) expression (n = 6 for each group); upper panel shows representative immunoblots.
After 19 days of culture, non-treated IPEC-J2 cells were incubated in the absence (control medium)
or in the presence of 10 nM ouabain added for 240 min with subsequent Western blot analysis.
Original images for Western blots using Stain-Free gels as a loading control are shown in Supplemental
Materials. The number of symbols corresponds to the number of samples. One-way ANOVA with
Dunnett correction.
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Similarly, ouabain (10 nM) also did not alter TER within 240 min of incubation (data not shown) as
well as claudin-1 expression in control (non-treated) monolayers of IPEC-J2 cells (19 days of cultivation,
the protocol similar to the experiments in part Section 2.1) (Figure 4b).
2.3. Chronic Ouabain Administration Protects against Intestine Function Injury
LPS is a glycolipid present in outer membrane of Gram-negative bacteria that triggers production
of inflammatory mediators. Systemic administration of LPS is widely used as a model of bacterial
sepsis. LPS is known to increase intestinal epithelial TJ permeability and plays an important role
in mediating intestinal inflammatory responses [35]. Recently, a protective effect of ouabain against
LPS-induced acute lung injury in mice was shown [36].
In this study, LPS (1 mg/kg) decreased TER as well as increased sodium fluorescein transport
in the jejunum confirming the increased TJ permeability and disturbance of barrier properties.
Ouabain (1 µg/kg) pre-treatment for 4 days completely prevented these LPS-induced disturbances
(Figure 2 a-c). In contrast, the colon was resistant against both LPS-induced injury as well as chronic
ouabain pre-treatment (Figure 2a–c).
Prolonged exposure to microgravity [37] or HS (a well-accepted animal ground-based spaceflight
model) [38,39] are known to impair intestinal function that reduces its resistance to bacterial infection [39].
It was recently shown that the first 6 h of HS disturbs rat postural soleus muscle function and depolarizes
the muscle membrane, while pre-treatment with ouabain (1 µg/kg) protects against this disturbance [33].
The effect of an acute HS on the gut function was not assessed yet.
In this study, TER of the control jejunum and colon remained stable during whole experiment
duration (45 min) (Figure 5a). After 6 h of HS, the initial TER of both jejunum and colon was
significantly higher compared to the control suggesting disturbance of barrier properties of these
tissues. Moreover, a pronounced decline of TER values was observed over time (Figure 5a). In the
jejunum, ouabain (1 µg/kg) pre-treatment for 4 days accelerated TER decline to control level compared
with HS conditions only (Figure 5a,b). In contrast, the colon was less sensitive to HS-induced injury
and insensitive to chronic ouabain pre-treatment (Figure 5a,b).
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Figure 5. Effects of chronic ouabain (Oua) administration a spension (HS) on barrier
pro erti s of rat jejunum and colon. Rats i t eritoneally injected with ou bain (1 µ /kg) for
4 days. (a) Transepithelial resistance (TER) dynamics. (b) TER values measured at 30 min of registration.
N—the number of rats (in parentheses is the number of fragments). The number of symbols corresponds
to the number of fragments. One-way ANOVA with Dunnett correction: * p < 0.05, ** p < 0.01 and
*** p < 0.001—HS group; # p < 0.05 and ## p < 0.01—Oua + HS group compared with the corresponding
control (vehicle treated group).
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2.4. Chronic Ouabain Administration Modulates Claudin Expression in Cerebral Blood Vessels
A vascular endothelium of rat brain frontal lobes was used as a model of tissue with relatively high
barrier tightness. TJ proteins, i.e., tightening claudin-1, -3, -5 and occludin that underlie the organization
of the blood–brain barrier, have been identified previously in cerebrovascular endothelium [40–42].
In our study, all these proteins were identified. Chronic administration of ouabain (1µg/kg) significantly
increased the expression of claudin-1 and decreased claudin-3, while claudin-5 and occludin were not
altered (Figure 6a,b).
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3. Discussion
An endogenous analogue of a specific ligand of the Na,K-ATPase, ouabain, has been suggested
to act as a hormone that circulates under normal conditions at sub-nanomolar concentration range.
The unique role of endogenous ouabain in cardiovascular and central nervous systems, kidney and
other organs in health and disease is well documented [7,14,16,17]. Claudins are the major proteins that
determine paracellular permeability and barrier properties of the epithelium [28,43,44]. Previous studies
on cell cultures suggest the ability of nanomolar ouabain to regulate the formation, structure and
permeability of TJ via Na,K-ATPase-mediated modulation of claudin expression [20–22].
This study tested our hypothesis that chronic elevation of circulating ouabain in vivo can affect
the expression of claudins in different tissues. Our results provide several novel findings:
(1) Claudins of rat intestine and brain blood vessels as well as IPEC-J2 cells are subjected to regulation
by chronic ouabain exposure.
(2) Claudin-1 is specifically up-regulated by ouabain in contrast to other claudins that demonstrated
a variety of tissue-specific changes.
(3) Chronic ouabain differently affects claudin expression in rat jejunum and colon.
(4) During LPS- or HS-induced injury, the jejunum is predominantly targeting by circulating ouabain
and ouabain pre-treatment prevents the functional impairment in this tissue; the colon is relatively
resistant to these injuries alone and in a combination with ouabain pre-treatment.
Epithelial cells express mostly α1 isoform of the Na,K-ATPase, except testes and spermatocytes
that also co-expresses the α4 isoform [1]. Currently, a variety of observations corroborate the functional
interaction between the Na,K-ATPase and claudins and its possible role in the physiological mechanism
of epithelial phenotype regulation by endogenous ouabain [20–22]. The mechanism behind action of low
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ouabain concentrations in different tissues is not completely understood. It remains uncertain whether
binding of ouabain affects cellular functions by inhibiting enzymatic activity and, thus, altering ion
homeostasis, or by conformational changes of the α subunit that initiate signal transduction.
The Na,K-ATPase α subunit is the only known receptor for ouabain [8]. The Na,K-ATPase is
now considered as an important signaling molecule that can transduce ouabain binding into an
activation of downstream signaling. Binding of ouabain activates the Na,K-ATPase/cSrc complex
resulting in initiation of protein kinase cascades and production of second messengers that alter cellular
functions in a cell-specific manner [9–11]. Previous studies on MDCK II (Madin–Darby canine kidney),
rat Sertoli (the key structure of blood-testis barrier) and ADPKD (autosomal dominant polycystic
kidney disease) cell cultures demonstrated that nanomolar ouabain induces the expression of claudin-1,
-2, -4 and -11 [20–22]. These studies suggest the cSrc/Erk1/2-dependent intracellular signaling that
regulates epithelial phenotype and proliferation upon ouabain binding [11,20–22]. We used the porcine
jejunum cell line IPEC-J2, which is considered as a reliable model for studying human gastrointestinal
tract [31]. This IPEC-J2 cell study further indicates that claudin-1, -5 and -12 are also subjected to
regulation by ouabain. Notably, both up-regulation (tightening claudin-1, -5) and down-regulation
(pore-forming claudin-12) is occurring. This was accompanied with increased level of cSrc-kinase
activation. Altogether, this suggests that the most likely mechanism for the expression modulation of
claudins is the ouabain-induced cSrc kinase signaling pathway.
However, processes other than cSrc-dependent mechanisms can also be involved. Although ouabain
is the specific inhibitor of the Na,K-ATPase, the ability of ouabain to activate the α1 Na,K-ATPase
at concentrations comparable to its endogenous level was shown [45–48]. The mechanism of
this stimulation is debated. The direct activation by low ouabain concentrations was suggested
for endothelial α1 Na,K-ATPase [47]. Alternatively, ouabain-mediated stimulation of the α1
Na,K-ATPase in renal cells requires specific molecular environment and can be modulated by
an initial increase in intracellular Na+ resulting from Na,K-ATPase inhibition by endogenous
ouabain [45,46]. Moreover, ouabain-induced signal transduction might be mediated by pathways
triggered by imbalance in [Na]i/[K]i ratio [47–49]. Further studies are needed to reveal a mechanistic
background of ouabain-induced modulation of claudin expression.
Among different tissue-specific claudin expression patterns, tightening claudin-1 is ubiquitously
expressed [23,29,50,51]. In experiments employing confluent monolayers, nanomolar ouabain has
been previously shown to increase the expression of claudin-1, -2 and -4 in MDCK II cells [20],
claudin-1 and -11 in Sertoli cells [21] and claudin-1 in ADPKD cells [22]. In our study, nanomolar ouabain
affected the process of epithelium barrier formation in IPEC-J2 cells accompanied with increased
expression of claudin-1, -5 and down-regulation of claudin-12. In the rat jejunum, chronic elevation
of circulating ouabain increased the expression of claudin-1, -3 and -5; in the cerebral blood vessels,
claudin-1 up-regulation was associated with the reduction in claudin-3.
Thus, to our knowledge, all studies including our observations suggest that low ouabain
concentrations specifically up-regulate claudin-1, while other claudins respond in a tissue-specific
manner. These intriguing data suggest an unique of Na,K-ATPase/claudin-1 functional interaction that
is not seen for other claudins. It was previously shown that nanomolar ouabain modulates the TJ of
MDCK cells in a very complex manner, where claudin-1 and -4 are controlled via different signaling
pathways [20]. The nature of this phenomenon is unknown. Currently, we can only speculate that such
interaction requires a specialized subcellular localization and interactions of these proteins with the
molecular environment. The ability of claudins for oligomerization [27] and cluster organization [28]
should also be considered. Particularly, cholesterol is a key molecule in the formation of specialized
membrane microdomains i.e., lipid rafts, which are known as a molecular platform involved in
numerous cellular processes. Membrane cholesterol was shown to stabilize the association of TJ
proteins in epithelial monolayers in Caco-2 cells. Notably, depletion of membrane cholesterol resulted
in the displacement of claudin-3, -4, -7 and occludin from the cholesterol rich domains associated
with TJs, while claudin-1 was unaffected [52]. Intriguingly, a neuroprotective effect of ouabain against
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LPS-induced oxidative stress in rat cerebellum involves promoting membrane lipid remodeling [53].
Further studies are necessary to testify features of the Na,K-ATPase/claudin-1 functional interaction
and to identify their precise molecular basis.
Our observations suggest that chronic ouabain administration protects against intestine
function injury. Ouabain pre-treatment for 4 days completely prevented LPS-induced jejunum TER
disturbances (Figure 2). Studies of regulatory and signaling processes in the early (within hours)
stages of adaptation to microgravity are mainly carried out in relation to postural muscles [54].
Our findings suggest that gut functional disturbances also belong to the earliest remodeling events
induced by simulated microgravity. Epithelium TJs are known as a sensor of osmolality and
hydrostatic pressure gradients [55,56]. Thus, HS-induced TER abnormalities (Figure 5) can result
from changes in the hydrostatic pressure gradient in the abdominal cavity of hindlimb suspended
rats, when radical redistribution of body fluids occurs with possible changes in the water–salt balance.
Balanced hydrostatic pressure on both sides of the tissue in the Ussing chamber eliminates this factor
and provides restoration of epithelium barrier functions.
Taken together, our data suggest that intestine barrier properties can be regulated by circulating
ouabain and this regulation is pronounced under functional impairments such as LPS- and HS-induced
injury of intestine function. Notably, this regulation is characteristic for the jejunum only.
Previous observations suggest that mouse colon is relatively resistant to such injury as radiation
compared to the jejunum [57]. Other data also demonstrated that cholera toxin differently affected
claudin expression in rat colon [51] and jejunum [58]. In our study, the expression of claudins in rat
colon was relatively resistant to chronic ouabain exposure as well as to LPS- or HS-induced injury in a
combination with ouabain pre-treatment (TER measurements). In contrast, jejunum was significantly
affected by these interventions. The reason for different efficacy of chronic ouabain in the jejunum and
colon is unknown. One can only assume that functional differences between these parts of intestine
might be the reason. This includes the differences in expressed claudins [29].
Potential role of very low ouabain concentrations in neural tissues is well documented.
Several previous reports suggest that circulating ouabain modulates neuronal functions and may be
involved in depressive disorders [14,59]. Neutralization of endogenous ouabain using anti-ouabain
antibodies administration elicits anti-depressive behavior suggesting that alteration in circulating
ouabain may be of significant therapeutic value [59]. Anti-apoptotic effects were described when
low ouabain doses were injected in vivo into the rat brain [60]. Low-doses of ouabain also protected
hippocampal slice cultures from experimental ischemia [61]. It was shown in primary culture of
rat cortical neurons that ouabain at sub-nanomolar concentrations can prevent Ca2+ overload and
neuronal apoptosis in excitotoxic stress [62]. The same doses of chronically administrated ouabain
used in this study (1 µg/kg–1.8 µg/kg) significantly improves mouse recovery following traumatic
brain injury [63] and attenuates the oxidative stress induced by LPS in rat cerebellum [53]. The role of
ouabain in inflammatory processes in the central nervous system is reviewed elsewhere [64].
In our study, chronic exposure to ouabain (1 µg/kg) increased claudin-1 expression and decreased
claudin-3 in blood vessels of rat brain frontal lobes. In contrast to intestine epithelium, endothelium of
cerebral blood vessels demonstrated a high degree of impermeability [30]. Thus, our data suggest that
circulating ouabain targets claudins mosaic in blood–brain barrier structures.
4. Materials and Methods
4.1. Animals
Experiments were performed on male Wistar rats (180–230 g). Animals were housed in a
temperature- and humidity-controlled room with food and water ad libitum. All procedures involving
rats were performed in accordance with the recommendations of the Guide for the Care and Use
of Laboratory Animals [65]. The experimental protocol met the requirements of the EU Directive
2010/63/EU for animal experiments and was approved by the Ethics Committee of St. Petersburg State
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University (issued 13 December 2017) and the Animal Experiments Inspectorate of the Danish Ministry
of Environment and Food (issued 5 July 2016).
Rats were intraperitoneally injected with vehicle (0.9% NaCl) or 1 µg/kg body weight ouabain daily
for 4 days as described previously [45]. In some experiments, two hours after last injection of ouabain
(1 µg/kg), lipopolysaccharide (LPS, 1 mg/kg) was intraperitoneally administrated to induce acute
injury. The serum level of ouabain was estimated using ELISA Kit for Ouabain (Cloud-Clone corp.,
Katy, TX, USA). Twenty-four hours after last injection of ouabain, jejunum, colon and brain frontal lobes
were isolated. In separate experiments, twenty-four hours after the last ouabain injection, rats were
subjected to HS, widely used as an animal model of disuse that leads to progressive atrophy of postural
skeletal muscles. The rats were subjected to HS individually in custom cages for 6 h, as described
previously [66]. Control animals were not suspended. In these experiments, jejunum and colon
were isolated. Freshly isolated jejunum and colon were immediately used for electrophysiological
experiments. For later biochemical assays, some tissues were snap-frozen in liquid nitrogen and then
stored at −80 ◦C.
In a separate set of experiments, ouabain was acutely added to freshly isolated jejunum and colon
obtained from non-treated rats.
4.2. Transepithelial Electrical Resistance Recording
Ussing chamber technique was used to measure TER as reported previously [67]. Briefly, colon and
jejunum fragments were mounted in Ussing chambers (exposed area: 0.13 cm2), and bathed with
solution containing (in mM) NaCl, 119; KCl, 5; CaCl2, 1.2; MgCl2, 1.2; NaHCO3, 25; Na2HPO4, 1.6;
NaH2PO4, 0.4; d-glucose, 10; (pH 7.4). The solution was gassed with 95% O2 and 5% CO2 and heated
to 37 ◦C. To evaluate TER, we recorded voltage changes to 10 µA current and calculated it using
Ohm’s law.
4.3. Epithelium Permeability Measurements
Sodium fluorescein was used to study permeability of epithelial paracellular pathway for
macromolecules, as reported previously [68]. Sodium fluorescein has a molecular mass of 376 Da,
is electrically neutral and diffuses through the epithelium along the paracellular path with concentration
gradient. Once the tissue was mounted in the Ussing chamber, 50 µL of the apical solution was replaced
with 50 µL of similar solution containing sodium fluorescein. The final concentration of sodium
fluorescein in the chamber was 100 µM. Solutions from the basolateral side were analyzed after 60 min
of incubation. The concentration of sodium fluorescein in the samples was determined using Typhoon
FLA 9500 high-resolution laser scanner (GE, Piscataway, NJ, USA). The wavelengths of laser excitation
and absorption were 473 and 510 nm, respectively. Analysis of the obtained data was performed using
the ImageJ program (NIH, Rockville Pike, Bethesda, MD, USA).
4.4. Cell Culture
IPEC-J2 cell culture was obtained from DSMZ-German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany). IPEC-J2 cells were seeded and cultured in DMEM/F12 medium
(1:1) with stable glutamine (Biochrom, Berlin, Germany) supplemented with 10% porcine serum and
1% Penicillin-Streptomycin (Biochrom, Berlin, Germany) at 37 ◦C in a humidified atmosphere of 5%
CO2. For incubation, the cells were detached with Trypsin/EDTA (0.05%, 0.02%) (Sigma-Aldrich,
Taufkirchen, Germany). After centrifugation at 200 g for 5 min, the supernatant was discarded and
the pellet was resuspended in cell culture medium with or without 10 nM of ouabain (and diluted
to a final concentration of 2 × 105 cells/mL). Cells were seeded on Millicell-PCF cell culture inserts
(Merck Millipore Ltd., Darmstadt, Germany). Medium with or without 10 nM of ouabain was changed
every 2–3 days. After 7 days of culture, TER values were determined every 2–3 days using an EVOM
volt-ohmmeter with a chopstick electrode (WPI, Sarasota, FL, USA). All TER values were normalized by
the insert area and obtained after background subtraction. After 19 days of culture, IPEC-J2 cells were
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homogenized in lysis buffer containing (in mM): HEPES, 25; EDTA, 2; NaF, 25; 1% SDS, and protease
inhibitors cOmplete mini EDTA-free tablets (Roche, Mannheim, City, Germany) (pH 7.6). Protein
content was quantified employing Bio-Rad DC Protein Assay reagent (Bio-Rad, Hercules, CA, USA)
and a plate reader (PerkinElmer, Waltham, MA, USA). Protein samples were frozen at −80 ◦C for
subsequent determination of cSrc-kinase phosphorylation (see Section 4.5) and for Western blot analysis
(see Section 4.6).
After 19 days of culture, some inserts with non-treated IPEC-J2 cells were mounted in Ussing
chamber to measure TER values in the absence (control medium) or in the presence of 10 nM ouabain
added for 240 min to basolateral side of the cell layer. Then, as described above, cells were homogenized
in lysis buffer, protein content was quantified and samples were frozen at −80 ◦C for subsequent
Western blot analysis.
4.5. cSrc-kinase Phosphorylation Measurement
Ten micrograms of total protein diluted in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA)
was loaded on 4–20% precast polyacrylamide Stain-Free gels (CriterionTM TGX Stain-freeTM precast
gel, Bio-Rad, Hercules, CA, USA). Total protein load was detected on the Stain-Free gels using UV-light
in imaging system (c600, Azur Biosystems, Dublin, CA, USA). The proteins were electrotransferred
onto membranes that were then blocked by incubation in 5% bovine serum albumin and 5% nonfat
dry milk in phosphate buffered saline (PBS) with 0.5% v/v Tween 20 (PBS-T). The membranes
were incubated overnight at 4 ◦C with either antibody against total cSrc (sc-8056; Santa Cruz
Biotechnology Inc., Dallas, Texas, USA) or antibody against cSrc phosphorylated at pY418 (1:200;
#44660G; ThermoFisher Scientific, Waltham, MA, USA). After intensive washing, the membranes were
incubated with horseradish-peroxidase (HRP)-conjugated secondary antibody (1:4000; Dako, Denmark)
for 1 h in PBS-T. Excess antibody was removed by washing, and bound antibody was detected by an
enhanced chemiluminescence kit (ECL, Amersham, UK). Detected total cSrc protein was normalized
using the ImageJ program (NIH, Rockville Pike, Bethesda, MD, USA) as a ratio to total protein load
measured in membrane for the same probe. The activation of cSrc by tyrosine phosphorylation at Y418
was quantified as a ratio of phosphorylated cSrc (pcSrc) normalized for protein load over total cSrc
normalized to the corresponding protein load.
4.6. Western Blot Assays
SDS buffer (Laemmli) was added to the IPEC-J2 protein extract, samples were loaded on 10%
Stain-Free gels and electrophoresis was performed. Proteins were stained with primary antibodies
raised against claudin-1, -3, -4, -5, -8, -12 and tricellulin and visualized using secondary goat anti-rabbit
and anti-mouse IgG antibodies and chemiluminescence reaction (Bio-Rad, Hercules, CA, USA).
In experiments with acute ouabain (10 nM) application, only claudin-1 expression was detected.
Frozen intestine or brain samples were homogenized in a Tris-buffer containing (in mM) Tris,
10; NaCl, 150; Triton X-100, 0.5; SDS, 0.1, protease inhibitors cOmplete mini EDTA-free tablets
(Roche, Mannheim, Germany) (pH 7.6). After homogenization, samples were centrifuged and the
supernatant was then cooled on ice for 30 min and retrieved after a second centrifugation step for 15 min
at 15,000 g at 4 ◦C (Sigma-Aldrich, Munich, Germany). Protein content was quantified using Bio-Rad
DC Protein Assay reagent (Bio-Rad, Hercules, CA, USA) and a plate reader (PerkinElmer, Waltham,
MA, USA). SDS buffer (Laemmli) was added to extracted proteins, and samples were loaded on 10%
Stain-Free gels and electrophoresis was performed. Proteins were stained with primary antibodies
raised against claudin-1, -2, -3, -4, -5 for small and large intestine or claudin-1, -3, -5 and occludin for
frontal lobes and visualized using secondary goat anti-rabbit IgG antibodies and chemiluminescence
reaction (Bio-Rad, Hercules, CA, USA). Band intensities were measured using luminescence imager
Chemi-Doc MP Imaging System (Bio-Rad, Hercules, CA, USA).
The following antibodies were used: claudin-1 (#ab56417, 1:50, Abcam, Cambridge, UK),
claudin-2 (#32-5600, 1:100, Invitrogen, Carlsbad, CA, USA), claudin-3 (#34-1700, 1:100, Invitrogen,
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Carlsbad, CA, USA), claudin-4 (#ab53156, 1:500, Abcam, Cambridge, UK), claudin-5 (#34-1600,
1:100, Invitrogen, Carlsbad, CA, USA), claudin-8 (#40-0700Z, 1:100, Invitrogen, Carlsbad, CA, USA),
claudin-12 (#38-8200, 1:50, Invitrogen, Carlsbad, CA, USA), occludin (#33-1500, 1:100, Invitrogen,
Carlsbad, CA, USA), tricellulin (#700191, 1:100, Life Technologies, Carlsbad, CA, USA), anti-rabbit IgG
(#7074, 1:1000, Cell Signaling Technologies, Leiden, The Netherlands), anti-mouse IgG (#7076, 1:1000,
Cell Signaling Technologies, Leiden, The Netherlands).
Detected proteins were normalized using the Image Lab 6.1 Software (Bio-Rad, Hercules, CA, USA)
as a ratio of total protein load measured in membrane of the same sample.
4.7. Materials
Ouabain, LPS and other chemicals were purchased from Sigma-Aldrich.
4.8. Statistics
All data are given as the mean ± SEM. Statistical significance of the difference between means was
evaluated using one-way ANOVA. Statistical analysis was performed using GraphPad Prism 8 software
(GraphPad; San Diego, CA, USA). A probability value of p < 0.05 was considered statistically significant.
5. Conclusions
Circulating ouabain tissue- and isoform-specifically regulate both intestine and blood-brain barrier
claudins suggesting the therapeutic value of this signaling.
Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/14/5067/s1.
Author Contributions: Conceptualization, I.I.K. and A.G.M.; data curation, A.A.F., A.E.B., L.S.O. and V.C.;
methodology, I.I.K., A.A.F., V.V.K., V.V.M., V.C., S.A. and A.G.M.; investigation, A.A.F., V.V.K., A.E.B., L.S.O. and
V.C.; validation, A.A.F.; writing—original draft, I.I.K. and A.G.M.; writing—review and editing, I.I.K., V.V.M., S.A.
and A.G.M.; funding acquisition, I.I.K., V.V.M. and S.A. All authors have read and agreed to the published version
of the manuscript.
Funding: This research was funded by Russian Science Foundation grant number 18-15-00043; Novo Nordisk
Foundation NNF18OC0052021 and NNF19OC0056371, the Independent Research Fund Denmark 8020-00084B
and 9149-00003B; and DFG AM141/11-1.
Acknowledgments: We are grateful to the St. Petersburg State University Research “Center for Molecular and Cell
Technologies” (part Section 4.3 Epithelium Permeability Measurements) for the technical support of the experiments.
We thank for excellent technical assistance Irina A. Razgovorova (experiments with hindlimb suspension).
Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations










1. Blanco, G.; Mercer, R.W. Isozymes of the Na-K-ATPase: Heterogeneity in structure, diversity in function.
Am. J. Physiol. 1998, 275, F633–F655. [CrossRef] [PubMed]
2. Mijatovic, T.; Van Quaquebeke, E.; Delest, B.; Debeir, O.; Darro, F.; Kiss, R. Cardiotonic steroids on the road
to anti-cancer therapy. Biochim. Biophysica Acta 2007, 1776, 32–57. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2020, 21, 5067 13 of 16
3. Matchkov, V.V.; Krivoi, I.I. Specialized functional diversity and interactions of the Na,K-ATPase. Front. Physiol.
2016, 7, 179. [CrossRef] [PubMed]
4. Pirkmajer, S.; Chibalin, A.V. Na,K-ATPase regulation in skeletal muscle. Am. J. Physiol. Endocrinol. Metab.
2016, 311, E1–E31. [CrossRef] [PubMed]
5. Clausen, M.V.; Hilbers, F.; Poulsen, H. The Structure and Function of the Na,K-ATPase Isoforms in Health
and Disease. Front. Physiol. 2017, 8, 371. [CrossRef]
6. Doris, P.A.; Bagrov, A.Y. Endogenous sodium pump inhibitors and blood pressure regulation: An update on
recent progress. Proc. Soc. Exp. Biol. Med. 1998, 218, 156–167. [CrossRef] [PubMed]
7. Bagrov, A.Y.; Shapiro, J.I.; Fedorova, O.V. Endogenous cardiotonic steroids: Physiology, pharmacology, and
novel therapeutic targets. Pharmacol. Rev. 2009, 61, 9–38. [CrossRef]
8. Lingrel, J.B. The physiological significance of the cardiotonic steroid/ouabain-binding site of the Na,K-ATPase.
Annu. Rev. Physiol. 2010, 72, 395–412. [CrossRef]
9. Xie, Z.; Askari, A. Na+/K+-ATPase as a signal transducer. Eur. J. Biochem. 2002, 269, 2434–2439. [CrossRef]
10. Cui, X.; Xie, Z. Protein Interaction and Na/K-ATPase-Mediated Signal Transduction. Molecules 2017, 22, 990.
[CrossRef]
11. Venugopal, J.; Blanco, G. On the Many Actions of Ouabain: Pro-Cystogenic Effects in Autosomal Dominant
Polycystic Kidney Disease. Molecules 2017, 22, 729. [CrossRef]
12. Hamlyn, J.M.; Blaustein, M.P.; Bova, S.; DuCharme, D.W.; Harris, D.W.; Mandel, F.; Mathews, W.R.;
Ludens, J.H. Identification and characterization of a ouabain-like compound from human plasma. Proc. Natl.
Acad. Sci. USA 1991, 88, 6259–6263. [CrossRef] [PubMed]
13. Bagrov, A.Y.; Fedorova, O.V.; Dmitrieva, R.I.; Howald, W.N.; Hunter, A.P.; Kuznetsova, E.A.; Shpen, V.M.
Characterization of a urinary bufodienolide Na+,K+-ATPase inhibitor in patients after acute myocardial
infarction. Hypertension 1998, 31, 1097–1103. [CrossRef] [PubMed]
14. Lichtstein, D.; Rosen, H. Endogenous digitalis-like Na,K-ATPase inhibitors, and brain function. Neurochem. Res.
2001, 26, 971–978. [CrossRef] [PubMed]
15. Schoner, W.; Scheiner-Bobis, G. Endogenous and exogenous cardiac glycosides and their mechanisms of
action. Am. J. Cardiovasc. Drugs 2007, 7, 173–189. [CrossRef]
16. Blaustein, M.P.; Hamlyn, J.M. Ouabain, endogenous ouabain and ouabain-like factors: The Na+ pump/ouabain
receptor, its linkage to NCX, and its myriad functions. Cell Calcium. 2020, 86, 102159. [CrossRef]
17. Lichtstein, D.; Ilani, A.; Rosen, H.; Horesh, N.; Singh, S.V.; Buzaglo, N.; Hodes, A. Na+,K+-ATPase Signaling
and Bipolar Disorder. Int. J. Mol. Sci. 2018, 19, 2314. [CrossRef]
18. Bauer, N.; Müller-Ehmsen, J.; Krämer, U.; Hambarchian, N.; Zobel, C.; Schwinger, R.H.; Neu, H.; Kirch, U.;
Grünbaum, E.G.; Schoner, W. Ouabain-like compound changes rapidly on physical exercise in humans and
dogs: Effects of β-blockade and angiotensin-converting enzyme inhibition. Hypertension 2005, 45, 1024–1028.
[CrossRef]
19. Cereijido, M.; Larre, I.; Paez, O.; Shoshani, L.; Ponce, A. Na+/K+-ATPase Drives Most Asymmetric Transports
and Modulates the Phenotype of Epithelial Cells. In Ion Channels and Transporters of Epithelia in Health and
Disease; Hamilton, K.L., Devor, D.C., Eds.; Springer: Cham, Switzerland, 2016; pp. 351–374. [CrossRef]
20. Larre, I.; Lazaro, A.; Contreras, R.G.; Balda, M.S.; Matter, K.; Flores-Maldonado, C.; Ponce, A.; Flores-Benitez, D.;
Rincon-Heredia, R.; Padilla-Benavides, T.; et al. Ouabain modulates epithelial cell tight junction. Proc. Natl.
Acad. Sci. USA 2010, 107, 11387–11392. [CrossRef]
21. Dietze, R.; Shihan, M.; Stammler, A.; Konrad, L.; Scheiner-Bobis, G. Cardiotonic steroid ouabain stimulates
expression of blood–testis barrier proteins claudin-1 and -11 and formation of tight junctions in Sertoli cells.
Mol. Cell. Endocrinol. 2015, 405, 1–13. [CrossRef]
22. Venugopal, J.; McDermott, J.; Sanchez, G.; Sharma, M.; Barbosa, L.; Reif, G.A.; Wallace, D.P.; Blanco, G.
Ouabain promotes partial epithelial to mesenchymal transition (EMT) changes in human autosomal dominant
polycystic kidney disease (ADPKD) cells. Exp. Cell. Res. 2017, 355, 142–152. [CrossRef] [PubMed]
23. Amasheh, S.; Fromm, M.; Günzel, D. Claudins of Intestine and Nephron—A Correlation of Molecular Tight
Junction Structure and Barrier Function. Acta Physiol. (Oxf.) 2011, 201, 133–140. [CrossRef]
24. Cong, X.; Kong, W. Endothelial Tight Junctions and Their Regulatory Signaling Pathways in Vascular
Homeostasis and Disease. Cell Signal. 2020, 66, 109485. [CrossRef] [PubMed]
25. Markov, A.G.; Amasheh, S. Tight junction physiology of pleural mesothelium. Front. Physiol. 2014, 5, 221.
[CrossRef]
Int. J. Mol. Sci. 2020, 21, 5067 14 of 16
26. Günzel, D.; Fromm, M. Claudins and other tight junction proteins. Compr. Physiol. 2012, 2, 1819–1852.
[CrossRef]
27. Van Itallie, C.M.; Anderson, J.M. Architecture of tight junctions and principles of molecular composition.
Semin. Cell Dev. Biol. 2014, 36, 157–165. [CrossRef]
28. Markov, A.G.; Aschenbach, J.R.; Amasheh, S. Claudin clusters as determinants of epithelial barrier function.
IUBMB Life 2015, 67, 29–35. [CrossRef] [PubMed]
29. Markov, A.G.; Veshnyakova, A.; Fromm, M.; Amasheh, M.; Amasheh, S. Segmental expression of claudin
proteins correlates with tight junction barrier properties in rat intestine. J. Comp. Physiol. B. 2010, 180, 591–598.
[CrossRef]
30. Nitta, T.; Hata, M.; Gotoh, S.; Seo, Y.; Sasaki, H.; Hashimoto, N.; Furuse, M.; Tsukita, S. Size-selective
loosening of the blood-brain barrier in claudin-5-deficient mice. J. Cell. Biol. 2003, 161, 653–660. [CrossRef]
31. Zakrzewski, S.S.; Richter, J.F.; Krug, S.M.; Jebautzke, B.; Lee, I.-F.M.; Rieger, J.; Sachtleben, M.; Bondzio, A.;
Schulzke, J.D.; Fromm, M.; et al. Improved Cell Line IPEC-J2, Characterized as a Model for Porcine Jejunal
Epithelium. PLoS ONE 2013, 8, e79643. [CrossRef]
32. Fedorova, A.A.; Cornelius, V.; Amasheh, S.; Krivoi, I.I.; Markov, A.G. Low Ouabain Concentrations Stimulate
Epithelial Barrier Formation in IPEC-J2 Cells. J. Evol. Biochem. Phys. 2019, 55, 252–254. [CrossRef]
33. Kravtsova, V.V.; Bouzinova, E.V.; Matchkov, V.V.; Krivoi, I.I. Skeletal Muscle Na,K-ATPase as a Target for
Circulating Ouabain. Int. J. Mol. Sci. 2020, 21, 2875. [CrossRef] [PubMed]
34. Ponce, A.; Larre, I.; Castillo, A.; García-Villegas, R.; Romero, A.; Flores-Maldonado, C.; Martinez-Rendón, J.;
Contreras, R.G.; Cereijido, M. Ouabain increases gap junctional communication in epithelial cells.
Cell. Physiol. Biochem. 2014, 34, 2081–2090. [CrossRef] [PubMed]
35. Nighot, M.; Al-Sadi, R.; Guo, S.; Rawat, M.; Nighot, P.; Watterson, M.D.; Ma, T.Y. Lipopolysaccharide-Induced
Increase in Intestinal Epithelial Tight Permeability Is Mediated by Toll-Like Receptor 4/Myeloid Differentiation
Primary Response 88 (MyD88) Activation of Myosin Light Chain Kinase Expression. Am. J. Pathol. 2017, 187,
2698–2710. [CrossRef] [PubMed]
36. Wang, C.; Meng, Y.; Wang, Y.; Jiang, Z.; Xu, M.; Bo, L.; Deng, X. Ouabain protects mice against
lipopolysaccharide-induced acute lung injury. Med. Sci. Monit. 2018, 24, 4455–4464. [CrossRef] [PubMed]
37. Shi, J.; Wang, Y.; He, J.; Li, P.; Jin, R.; Wang, K.; Xu, X.; Hao, J.; Zhang, Y.; Liu, H.; et al. Intestinal microbiota
contributes to colonic epithelial changes in simulated microgravity mouse model. FASEB J. 2017, 31, 3695–3709.
[CrossRef] [PubMed]
38. Belay, T.; Aviles, H.; Vance, M.; Fountain, K.; Sonnenfeld, G. Effects of the hindlimb-unloading model of
spaceflight conditions on resistance of mice to infection with Klebsiella pneumoniae. J. Allergy Clin. Immunol.
2002, 110, 262–268. [CrossRef] [PubMed]
39. Jin, M.; Zhang, H.; Zhao, K.; Xu, C.; Shao, D.; Huang, Q.; Shi, J.; Yang, H. Responses of Intestinal Mucosal
Barrier Functions of Rats to Simulated Weightlessness. Front Physiol. 2018, 9, 729. [CrossRef]
40. Abbott, N.J.; Patabendige, A.A.K.; Dolman, D.E.M.; Yusof, S.R.; Begley, D.J. Structure and function of the
blood-brain barrier. Neurobiol. Dis. 2010, 37, 13–25. [CrossRef] [PubMed]
41. Steinemann, A.; Galm, I.; Chip, S.; Nitsch, C.; Maly, I.P. Claudin-1, -2 and -3 Are Selectively Expressed in the
Epithelia of the Choroid Plexus of the Mouse from Early Development and into Adulthood While Claudin-5
is Restricted to Endothelial Cells. Front. Neuroanat. 2016, 10, 16. [CrossRef] [PubMed]
42. Lv, J.; Hu, W.; Yang, Z.; Li, T.; Jiang, S.; Ma, Z.; Chen, F.; Yang, Y. Focusing on claudin-5: A promising
candidate in the regulation of BBB to treat ischemic stroke. Prog. Neurobiol. 2018, 161, 79–96. [CrossRef]
43. Günzel, D. Claudins: Vital partners in transcellular and paracellular transport coupling. Pflugers Arch. 2017,
469, 35–44. [CrossRef] [PubMed]
44. Markov, A.G.; Aschenbach, J.R.; Amasheh, S. The epithelial barrier and beyond: Claudins as amplifiers of
physiological organ functions. IUBMB Life 2017, 69, 290–296. [CrossRef] [PubMed]
45. Holthouser, K.A.; Mandal, A.; Merchant, M.L.; Schelling, J.R.; Delamere, N.A.; Valdes, R.R., Jr.; Tyagi, S.C.;
Lederer, E.D.; Khundmiri, S.J. Ouabain stimulates Na-K-ATPase through a sodium/hydrogen exchanger-1
(NHE-1)-dependent mechanism in human kidney proximal tubule cells. Am. J. Physiol. Renal Physiol. 2010,
299, F77–F90. [CrossRef] [PubMed]
46. Ketchem, C.J.; Conner, C.D.; Murray, R.D.; DuPlessis, M.; Lederer, E.D.; Wilkey, D.; Merchant, M.;
Khundmiri, S.J. Low dose ouabain stimulates Na-K ATPase α1 subunit association with angiotensin
II type 1 receptor in renal proximal tubule cells. Biochim. Biophys. Acta 2016, 1863, 2624–2636. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 5067 15 of 16
47. Tverskoi, A.M.; Sidorenko, S.V.; Klimanova, E.A.; Akimova, O.A.; Smolyaninova, L.V.; Lopina, O.D.;
Orlov, S.N. Effects of ouabain on proliferation of human endothelial cells correlate with Na+,K+-ATPase
activity and intracellular ratio of Na+ and K+. Biochemistry (Moscow) 2016, 81, 876–883. [CrossRef]
48. Klimanova, E.A.; Tverskoi, A.M.; Koltsova, S.V.; Sidorenko, S.V.; Lopina, O.D.; Tremblay, J.; Hamet, P.;
Kapilevich, L.V.; Orlov, S.N. Time- and dose-dependent actions of cardiotonic steroids on transcriptome and
intracellular content of Na+ and K+: A comparative analysis. Sci. Rep. 2017, 7, 45403. [CrossRef]
49. Orlov, S.N.; Klimanova, E.A.; Tverskoi, A.M.; Vladychenskaya, E.A.; Smolyaninova, L.V.; Lopina, O.D.
Na+i,K+i-Dependent and -Independent Signaling Triggered by Cardiotonic Steroids: Facts and Artifacts.
Molecules 2017, 22, 635. [CrossRef]
50. Markov, A.G.; Kruglova, N.M.; Fomina, Y.A.; Fromm, M.; Amasheh, S. Altered Expression of Tight Junction
Proteins in Mammary Epithelium After Discontinued Suckling in Mice. Pflugers Arch. 2012, 463, 391–398.
[CrossRef]
51. Markov, A.G.; Falchuk, E.L.; Kruglova, N.M.; Rybalchenko, O.V.; Fromm, M.; Amasheh, S. Comparative
analysis of theophylline and cholera toxin in rat colon reveals an induction of sealing tight junction proteins.
Pflugers Arch. 2014, 466, 2059–2065. [CrossRef]
52. Lambert, D.; O’Neill, C.A.; Padfield, P.J. Methyl-beta-cyclodextrin increases permeability of Caco-2 cell
monolayers by displacing specific claudins from cholesterol rich domains associated with tight junctions.
Cell Physiol. Biochem. 2007, 20, 495–506. [CrossRef]
53. Garcia, I.J.P.; Kinoshita, P.F.; de Oliveira Braga, I.; Parreira, G.M.; Mignaco, J.A.; Scavone, C.; Barbosa, L.A.;
de Lima Santos, H. Ouabain attenuates the oxidative stress induced by lipopolysaccharides in the cerebellum
of rats. J. Cell. Biochem. 2018, 119, 2156–2167. [CrossRef] [PubMed]
54. Vilchinskaya, N.A.; Krivoi, I.I.; Shenkman, B.S. AMP-Activated Protein Kinase as a Key Trigger for the
Disuse-Induced Skeletal Muscle Remodeling. Int. J. Mol. Sci. 2018, 19, 3558. [CrossRef] [PubMed]
55. Mießler, K.S.; Markov, A.G.; Amasheh, S. Hydrostatic pressure incubation affects barrier properties of
mammary epithelial cell monolayers, in vitro. Biochem. Biophys. Res. Commun. 2018, 495, 1089–1093. [CrossRef]
[PubMed]
56. Tokuda, S.; Yu, A.S.L. Regulation of Epithelial Cell Functions by the Osmolality and Hydrostatic Pressure
Gradients: A Possible Role of the Tight Junction as a Sensor. Int. J. Mol. Sci. 2019, 20, 3513. [CrossRef]
[PubMed]
57. Shukla, P.K.; Gangwar, R.; Manda, B.; Meena, A.S.; Yadav, N.; Szabo, E.; Balogh, A.; Lee, S.C.; Tigyi, G.;
Rao, R. Rapid disruption of intestinal epithelial tight junction and barrier dysfunction by ionizing radiation
in mouse colon in vivo: Protection by N-acetyl-L-cysteine. Am. J. Physiol. Gastrointest. Liver Physiol. 2016,
310, G705–G715. [CrossRef]
58. Markov, A.G.; Vishnevskaya, O.N.; Okorokova, L.S.; Fedorova, A.A.; Kruglova, N.M.; Rybalchenko, O.V.;
Aschenbach, J.R.; Amasheh, S. Cholera toxin perturbs the paracellular barrier in the small intestinal epithelium
of rats by affecting claudin-2 and tricellulin. Pflugers Arch. 2019, 471, 1183–1189. [CrossRef]
59. Goldstein, I.; Lax, E.; Gispan-Herman, I.; Ovadia, H.; Rosen, H.; Yadid, G.; Lichtstein, D. Neutralization of
endogenous digitalis-like compounds alters catecholamines metabolism in the brain and elicits anti-depressive
behavior. Eur. Neuropsychopharmacol. 2011, 22, 72–79. [CrossRef]
60. Golden, W.C.; Martin, L.J. Low-dose ouabain protects against excitotoxic apoptosis and up-regulates nuclear
BCL-2 in vivo. Neuroscience 2006, 137, 133–144. [CrossRef]
61. Oselkin, M.; Tian, D.; Bergold, P.J. Low-dose cardiotonic steroids increase sodium-potassium ATPase activity
that protects hippocampal slice cultures from experimental ischemia. Neurosci. Lett. 2010, 473, 67–71. [CrossRef]
62. Sibarov, D.A.; Bolshakov, A.E.; Abushik, P.A.; Krivoi, I.I.; Antonov, S.M. Na+,K+-ATPase functionally
interacts with the plasma membrane Na+,Ca2+ exchanger to prevent Ca2+ overload and neuronal apoptosis
in excitotoxic stress. J. Pharmacol. Exp. Ther. 2012, 343, 596–607. [CrossRef]
63. Dvela-Levitt, M.; Ami, H.C.; Rosen, H.; Shohami, E.; Lichtstein, D. Ouabain improves functional recovery
following traumatic brain injury. J. Neurotrauma 2014, 31, 1942–1947. [CrossRef] [PubMed]
64. Orellana, A.M.; Kinoshita, P.F.; Leite, J.A.; Kawamoto, E.M.; Scavone, C. Cardiotonic Steroids as Modulators
of Neuroinflammation. Front. Endocrinol. 2016, 7, 10. [CrossRef] [PubMed]
65. National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory
Animals. Guide for the Care and Use of Laboratory Animals, 8th ed.; National Academies Press (US): Washington,
WA, USA, 2011; pp. 1–246.
Int. J. Mol. Sci. 2020, 21, 5067 16 of 16
66. Morey-Holton, E.; Globus, R.K.; Kaplansky, A.; Durnova, G. The hindlimb unloading rat model: Literature
overview, technique update and comparison with space flight data. Adv. Space Biol. Med. 2005, 10, 7–40.
[CrossRef] [PubMed]
67. Radloff, J.; Cornelius, V.; Markov, A.G.; Amasheh, S. Caprate Modulates Intestinal Barrier Function in Porcine
Peyer’s Patch Follicle-Associated Epithelium. Int. J. Mol. Sci. 2019, 20, 1418. [CrossRef] [PubMed]
68. Molenda, N.; Urbanova, K.; Weiser, N.; Kusche-Vihrog, K.; Günzel, D.; Schillers, H. Paracellular transport
through healthy, cystic fibrosis bronchial epithelial cell lines-do we have a proper model? PLoS ONE 2014,
9, e100621. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
